An Azospirillum brasilense mutant (N12) pleiotropically defective in the assimilation of nitrogenous compounds (Asm-) was isolated and found lacking in the glutamate synthase (GOGAT-). The glt (GOGAT) locus of A. brasilense was identified by isolating a broad-host-range pLAFR1 cosmid clone from a gene library of the bacterium that rectified Asm -and GOGAT -defects (full recovery of activities of the nitrogenase, the assimilatory nitrate and nitrite reductases, and the glutamate synthase). A 7.5-kb (2, 4, 7, 8, 35) . The GS-GOGAT pathway is particularly important for all freeliving N2-fixing bacteria for growth under ammonia-deficient conditions (3, 25) , but for symbiotic bacteria, e.g., Rhizobium spp. within root nodules, the pathway may remain repressed to help ammonia export (11, 24) . The importance of the GS-GOGAT pathway was first demonstrated by Nagatani et al. (19) , who observed that GOGAT-deficient mutants of Klebsiella pneumoniae showed an ammonia assimilation (Asm-) defect; they failed to fix N2 (Nif-) and utilize a number of amino acids as N sources. GOGAT-deficient mutants of N2-fixing bacteria showing the Asm-phenotype have been described for A. brasilense (2), Bradyrhizobium japonicum (21), Rhizobium meliloti (13, 15, 24), and Azorhizobium sesbaniae ORS571 (11). It is not yet very clear why GOGAT deficiency would lead to pleiotropic N-assimilation defects (Asm -) in the mutants. An abnormally high concentration of glutamine may cause adenylylation of GS, and repression of sensitive operons in GOGAT -mutants has been suggested (2). The GOGAT structural gene of Escherichia coli has been cloned (5) and sequenced (23), and it showed that the cx-and (-subunits of GOGAT are determined by the gltB and gltD genes of the gltBDF operon (5). Recent studies with the glt operon of E. coli (5) and that of K pneumoniae (14) indicate that the pleiotropic Asm -defect may be due to the gltF product, which plays an * Corresponding author. brasilense has already been well characterized (26, 34) , and its cx-and (-subunits are very similar to those of E. coli in size.
In Azospirillum brasilense, a nitrogen-fixing aerobic soil bacterium well known for its ability to colonize roots of grass plants of economic importance and to increase plant productivity (8, 22) , two enzymatic pathways exist for ammonia assimilation: the glutamate dehydrogenase (GDH; EC 1.4.1.3) pathway in which ammonia is available at a high level (16, 35) and the glutamine synthetase (GS; EC 6.3.1.2)-glutamate synthase (GOGAT [glutamine 2-oxoglutarate amidotransferase]; EC 1.4.1.13) pathway in which ammonia availability is low, for example, during N2 fixation (2, 4, 7, 8, 35) . The GS-GOGAT pathway is particularly important for all freeliving N2-fixing bacteria for growth under ammonia-deficient conditions (3, 25) , but for symbiotic bacteria, e.g., Rhizobium spp. within root nodules, the pathway may remain repressed to help ammonia export (11, 24) . The importance of the GS-GOGAT pathway was first demonstrated by Nagatani et al. (19) , who observed that GOGAT-deficient mutants of Klebsiella pneumoniae showed an ammonia assimilation (Asm-) defect; they failed to fix N2 (Nif-) and utilize a number of amino acids as N sources. GOGAT-deficient mutants of N2-fixing bacteria showing the Asm-phenotype have been described for A. brasilense (2) , Bradyrhizobium japonicum (21) , Rhizobium meliloti (13, 15, 24) , and Azorhizobium sesbaniae ORS571 (11) . It is not yet very clear why GOGAT deficiency would lead to pleiotropic N-assimilation defects (Asm -) in the mutants. An abnormally high concentration of glutamine may cause adenylylation of GS, and repression of sensitive operons in GOGAT -mutants has been suggested (2) . The GOGAT structural gene of Escherichia coli has been cloned (5) and sequenced (23) , and it showed that the cx-and (-subunits of GOGAT are determined by the gltB and gltD genes of the gltBDF operon (5) . Recent studies with the glt operon of E. coli (5) and that of K pneumoniae (14) indicate that the pleiotropic Asm -defect may be due to the gltF product, which plays an * Corresponding author. undefined role in ntr regulation. Any role of a gitF-like gene in nonenteric bacteria remains unknown. GOGAT of A.
brasilense has already been well characterized (26, 34) , and its cx-and (-subunits are very similar to those of E. coli in size.
Isolated a-subunits of GOGAT from A. brasilense and E. coli also showed a high degree of homology in their N-terminal sequences (34) , but the same deduced sequences from their structural genes could not be compared, as the sequence of the glt gene of A. brasilense is not known. In our study with A. brasilense RG, for an understanding of regulation of N2 fixation and N metabolism, we isolated a number of Nif-and Asm -mutants. One of these mutants (N12) showing a NifAsm -phenotype also lacked GOGAT activity. We report here the cloning of the GOGAT structural gene (glt) ofA. brasilense RG and partial sequencing of the gltB gene to determine its promoter structure, deduced N-terminal amino acid sequence, and the locus of the mutation in N12.
A. brasilense RG, a wild-type strain (sp. 81 from the stock of N. R. Krieg, Blacksburg, Va.) was used for this study. The bacterium was grown, as described previously (16) , in succinate-salt medium with no N source (SSM), with 0.1% NH4Cl (SSMN), or with 0.2% of another fixed N source when necessary (adding 1.6% agar for plates). Mutagenesis of the bacterium by N-methyl-N-nitro-N'-nitrosoguanidine was carried out essentially by the procedure of Miller (17) . For enrichment of the Nif-mutants, aliquots from the stocks of mutants were added to SSM (optical density, 0.3), the cells were allowed to grow microaerobically (optical density, 0.6), and ampicillin and cycloserine were added to the growing culture at final concentrations of 2 mg and 50 ,ug ml-', respectively. After ' For nitrogenase assay, cells were pregrown aerobically with 0.1 NH4C1 as the N source followed by microaerobic growth for 18 h from an initial optical density of ().5 in 20) ml of SSM containing 0.05% agar in a 150-ml conical flask (27) . Results are given in nanomoles of C2H4 formed per hour per milligram of cell protein.
" GS (3), GOGAT (18), GDH (16), nitrate reductase (NAR) (32), nitrite reductase (NIR) (29) , and nitrogenase (27) assays were performed, following the published methods. For NAR and NIR induction, 11) mM NaNO3 was added to exponentially growing cells at an optical density of about 1.0 for the former and ().5 mM NaNO, was added for the latter and further incubation was continued (aerobically) for 3 h at 32°C before collection of cells for assay. When RG (wild-type) cells were grown aerobically in SSM plus 0.01% NH4Cl, (low ammonium), the specific activity of GOGAT was reduced to 25; when grown in SSM plus 0). 1% KNO3, the specific activities of nitrate and nitrite reductases were 16.7 and 2.1, respectively. " NT, not tested.
and SSM-0.003% YE agar plates. Nif-mutants yielded normal colonies on SSMN but only tiny colonies on SSM-0.003% YE. All Nif-mutants were further screened for their ability to grow on a mixture of arginine plus proline as the N source (i.e., on SSM-ArgPro plates). Mutants (25) , and A. brasilense (2) described previously that had very little or no GOGAT activity. Therefore, ammonia assimilation pathway enzymes in A. brasilense RG (wild type) and N12 were assayed. As shown in Table 1 , the GOGAT activity of N12 was 22-fold less than that of the wild type. The specific activity of GOGAT in RG was maximal when grown with 0.1% NH4Cl; lower activities were observed when it was grown with 0.01% NH4Cl, glutamate, or glutamine as the sole nitrogen source (Table 1) . Compared with activities in the wild type, some reductions of the GS and cold-labile GDH activities were observed in N12; lower activities of these two enzymes were also noticed with other Asm -mutants (2) .
GOGAT mutants ofA. brasilense described earlier by Bani et al. (2) showed N assimilation defects (Asm-phenotype), but unlike N12, they could assimilate glutamine and glutamate as an N source for growth. In fact, GOGAT mutants of nitrogen-fixing bacteria do show diverse abilities to utilize N sources for growth. GOGAT-mutants of R. meliloti (13, 15, 24) (Fig. 1) was identified from the library.
The complemented N12(pMG1-198) strain also showed GOGAT activity like that of the wild type (Table 1) . A restriction site map of the 27.1-kb DNA insert is shown in Fig.  1 . Cloning of the EcoRI-digested DNA fragments (in pLAFRI) followed by complementation analysis with N12 identified the locus of the GOGAT structural gene (git) within There is about 43.5% identity in the N-terminal amino acids of the two mature a-subunits of GOGAT.
the 7.5-kb insert DNA of pMG1-2 ( Fig. 1) . As shown in Table  1 , N12(pMG1-2) was GOGAT+ and Nif+ like the wild type, and it could also use all normal N sources for growth (Asm+). The 7.5-kb DNA fragment was recloned in tetracyclineresistant IncP1 cosmid pLAFR3 (obtained from N. Keen, Riverside, Calif.) containing multiple cloning sites, and a new restriction site map of the DNA fragment was constructed. As shown in Fig. 1 , the two small PstI-PstI 1.18-kb and BamHIPstI 0.9-kb DNA fragments subcloned in pLAFR3 also could complement the mutant N12 by mating although at a low frequency. Only a few among the tetracycline-resistant transconjugants obtained after mating of S17.1(pMG3-2) or S17.1(pMG3-3) with N12 could grow on SSM-0.003% YE or SSM-ArgPro plates, and they showed an Asm+ GOGAT+ phenotype. [The enzyme activities of only N12(pMG3-3) are shown in Table 1 .] The N12(pMG3-2) and N12(pMG3-3) transconjugants showing the wild-type characteristics are extremely unlikely to be wild-type revertants of N12, since the Asm+ GOGAT+ reversion frequency is very low (<10-7) and we failed to detect any such revertants in control plates. Moreover, the Asm+ GOGAT+ transconjugants were very specifically obtained only when the donor's plasmid DNA contained the 0.9-kb BamHI-PstI sequence. Since GOGAT subunits of A. brasilense are known to be 140 and 56.5 kDa (34) , the observed complementation by the small DNA fragment (0.9-kb PstI-BamHI fragment) could only be due to some recombinational rectification of the mutant gene in N12. This was confirmed by curing of the resident plasmid of the GOGAT+ Asm+ N12(pMG3-2) and N12(pMG3-3) transconjugants by the RP4 plasmid (a kanamycin-and tetracyclineresistant IncPl, broad-host-range plasmid). The cured kanamycin-resistant N12 strains did show the expected Asm+ GOGAT+ phenotype where RP4 was the only detectable resident plasmid. These results most probably mean that the locus of the genetic lesion that caused the GOGAT-Asmphenotype in N12 is within the 0.9-kb BamHI-PstI fragment.
To confirm that the GOGAT structural gene is in the 7. 
